Telomere length maintenance ensures self-renewal of human embryonic stem cells (hESCs) and induced pluripotent stem cells (hiPSCs); however, the mechanisms governing telomere length homeostasis in these cell types are unclear. Here, we report that telomere length is determined by the balance between telomere elongation, which is mediated by telomerase, and telomere trimming, which is controlled by XRCC3 and Nbs1, homologous recombination proteins that generate single-stranded C-rich telomeric DNA and double-stranded telomeric circular DNA (T-circles), respectively. We found that reprogramming of differentiated cells induces T-circle and single-stranded C-rich telomeric DNA accumulation, indicating the activation of telomere trimming pathways that compensate telomerase-dependent telomere elongation in hiPSCs. Excessive telomere elongation compromises telomere stability and promotes the formation of partially single-stranded telomeric DNA circles (C-circles) in hESCs, suggesting heightened sensitivity of stem cells to replication stress at overly long telomeres. Thus, tight control of telomere length homeostasis is essential to maintain telomere stability in hESCs.
a r t i c l e s Telomeres are nucleoprotein structures at the end of linear chromosomes that consist of tandem TTAGGG repeats, bound by the shelterin complex 1 . They are characterized by single-stranded terminal overhangs, known as G-tails or G-overhangs 2 . The G-overhang can invade the double-stranded telomeric region forming a stable secondary structure called the T-loop 3 , a conserved protective structure that prevents the chromosome ends from being recognized as DNA damage 4, 5 .
Telomeres shorten during each cell division, owing to the 'endreplication problem' 6, 7 as well as telomere end processing 8 . Telomere shortening can be counteracted by lengthening mechanisms. Most cancer cells, as well as germline and stem cells, activate the ribonucleoprotein enzyme telomerase to compensate for telomere loss 9, 10 . The telomerase core complex consists of the reverse transcriptase hTERT and the RNA component hTR, used as a template to synthesize telomeric DNA 11 . A fraction of human cancer cells, referred to as ALT cells, maintain telomere length by telomerase-independent mechanisms, referred to as alternative lengthening of telomeres (ALT) 12 . ALT cells rely on recombination pathways, showing high incidence of telomere sister chromatid exchange events (t-SCEs) 13 and a number of distinctive characteristics, such as ALT-associated promyelocytic leukemia (PML) bodies (APBs) containing telomeric chromatin 14 , heterogeneous telomere length 15 , elevated frequency of 5′ C-rich telomeric overhangs 16 and abundance of extrachromosomal telomeric repeats (ECTRs), including linear dsDNA 17 , T-circles 18 and C-circles 19 . However, whether accumulation of ALT-related telomeric features is restricted to ALT activity is still under debate.
Telomere length homeostasis dictates cellular proliferative potential and becomes determinant in stem cells, where it ensures tissue homeostasis and affects age-related deterioration of stem cell function 20 . Telomere length is established during embryogenesis such that telomeres are long enough to support extended series of regulated cell divisions during the developmental program but short enough to limit cell proliferation in the adult to suppress cancer initiation 21 . The stable telomere length in hESCs 22 suggests that defined mechanisms have evolved to promote the telomere length that is optimal for genomic stability.
Telomere length maintenance has also become of special interest for the reprogramming of somatic cells, as it directly affects reprogramming efficiency and determines the maintenance of the pluripotent phenotype 23 .
We aimed to gain insight into the mechanisms controlling telomere length homeostasis in hESCs and hiPSCs. Here we find that telomere length is regulated by active telomere trimming mechanisms in addition to telomerase-dependent elongation. We show that XRCC3 and Nbs1 mediate telomere attrition by catalyzing the formation of T-circles and C-rich overhangs. Moreover, hESCs accumulate other hallmarks of ALT, such as C-circles, as a result of increased telomere instability, but independently of recombination-mediated telomere elongation. We show that reprogramming of human differentiated cells leads to the appearance of C-rich overhangs and ECTRs in hiPSCs, which represents a valuable marker to characterize reprogramming efficiency. Our results demonstrate that a fine balance of length-control pathways dictates telomere stability in pluripotent stem cells, which is essential for the understanding of stem cell biology for stem cellbased therapies.
RESULTS

C-rich overhangs and ECTRs in hESCs
C-rich overhangs of 3′-5′ orientation were initially related to ALT activity 16, 24 ; however, some telomerase-positive human cancer cells with overly elongated telomeres 25 and cells of germline origin 26 also accumulate single-stranded C-rich telomeric DNA. To evaluate C-rich overhang in hESCs, we performed native and denaturing 2D gel electrophoresis on DNAs from three different hESC lines (HUES6, H1 and H9), enabling the separation of restriction fragments (TRFs) by size and structure 18, 27, 28 (Fig. 1a) . 2D analysis revealed G-rich telomeric singlestranded DNA (ssDNA) under native conditions (Fig. 1b, top) that resembled the arc corresponding to telomeric double-stranded DNA (dsDNA) under denaturing conditions. In-gel hybridizations using a G-rich probe allowed us to detect C-rich telomeric ssDNA of equivalent intensity to the canonical G-overhang that also followed the same path as the telomeric dsDNA under denaturing conditions, indicating C-rich overhangs in HUES6 cells (Fig. 1b, bottom) . We also observed C-rich telomeric ssDNA in H1 and H9 cell lines, consistent with the presence of 5′ C-overhang in hESCs ( Supplementary Fig. 1a , right).
To confirm the polarity of both overhangs, we treated the samples with ssDNA-specific exonuclease 1 (Exo1), which has 3′-5′ polarity, or the exonuclease RecJf, which has 5′-3′ polarity, before DNA restriction digestion. G-overhangs were susceptible to Exo1 treatment but resistant to RecJf. C-overhangs were sensitive only to RecJf digestion ( Fig. 1b) . Thus, our results indicate that terminal C-rich ssDNA with 3′-5′ orientation at telomeres in hESCs.
Circular telomeric dsDNA in the form of T-circles was clearly visible, with both strand-specific telomeric probes under denaturing conditions in the three hESC lines ( Fig. 1b and Supplementary  Fig. 1a , red arrows).
To further explore the presence of C-rich, partially single-stranded circular ECTRs (C-circles), we performed C-circle assays 19 in hESCs ( Fig. 1c) . We included samples from ALT cells (U2OS) as a positive control and IMR90 human primary fibroblasts as a negative control. As expected, C-circles were abundant in U2OS cells and absent in IMR90 cells. Notably, all hESC lines showed significantly higher levels of C-circles than did IMR90 cells ( Fig. 1d) .
Considering that C-overhangs and ECTRs, in particular C-circles, are distinctive characteristics of ALT cells 19 , we investigated whether hESCs employ ALT mechanisms for telomere elongation. Telomere recombination was evaluated by chromosome-orientation-FISH (CO-FISH) analysis on metaphase chromosomes 13 (Fig. 2a) . We detected much lower rates of t-SCEs in hESCs than in U2OS cells ( Fig. 2a) . To test whether telomere recombination contributes to telomere elongation pathways, we generated hESCs in which telomerase activity was reduced through the expression of dominant-negative hTERT ( Fig. 2b) . Telomeres in these cells shortened progressively ( Fig. 2c) , indicating that telomere recombination cannot compensate for impaired telomerase activity. Similarly, we did not observe APBs in hESCs ( Supplementary Fig. 1b ). We conclude that hESCs do not rely on recombination mechanisms for telomere elongation, despite the presence of a subset of ALT markers in these cells.
Accumulation of ECTRs in hESCs
To understand the mechanism of ECTR formation in hESCs, we asked whether ECTR accumulation is associated with telomerase-mediated telomere lengthening. HUES6 cells in which the RNA component hTR is overexpressed (HUES6+hTR) ( Supplementary Fig. 2a ) showed a significant (P < 0.01) increase in telomerase activity ( Supplementary  Fig. 2b ) and rapid telomere elongation ( Fig. 3a) . Elongated telomeres became homogeneous in length with continuous culture (Fig. 3b) , and hESCs maintained stem cell renewal capacity (Supplementary Fig. 2c ) and differentiation potential ( Supplementary Fig. 2d,e ). Thus, hESCs can establish a new telomere length set point when telomerase a r t i c l e s a r t i c l e s activity increases. To determine whether telomere elongation promotes accumulation of single-stranded telomeric repeats, we performed TRF analysis under native and denaturing conditions using a C-rich or G-rich telomeric probe. We found that over-lengthened telomeres showed similar ratios of G-and C-tails, suggesting that the number of telomeres bearing 3′ G-and 5′ C-overhangs is maintained (Fig. 3b) .
In addition, we evaluated T-circle and C-circle production in HUES6+hTR cells. T-circle assays demonstrated a significant increase in T-circle formation in these cells relative to control cells ( Fig. 3c) . Excessive telomere elongation also generated a robust accumulation of C-circles ( Fig. 3d) . Given that long telomeres are required for ALT induction 29 , we investigated whether excessive telomere elongation in hESCs facilitates the activation of ALT. CO-FISH analysis showed that t-SCE rates were similar in control and hTR-overexpressing cells (Fig. 3e) . Second, we did not observe APB-like foci. We conclude that telomerase-dependent elongation generates a subset of ALT hallmarks in hESCs independently of ALT activation.
hiPSCs show accumulation of 5′ C-rich overhangs and ECTRs
We next asked whether the features identified for hESCs could be induced by reprogramming of differentiated cells. We generated hiPSC lines by retroviral transduction of primary human lung (IMR90) fibroblasts with Oct4, Sox2, Klf4 and c-Myc. We confirmed the activation of endogenous pluripotent factors ( Supplementary  Fig. 3a-c) and performed functional analysis by differentiation into the embryonic germ layers in vitro ( Supplementary Fig. 3d,e ).
To ascertain whether the hiPSCs acquired the same characteristics as hESCs, we analyzed DNA isolated from three different hiPSC lines by 2D gel electrophoresis. Hybridization with a G-rich and C-rich probe under native and denaturing conditions showed the presence of G-and C-overhangs, whereas only G-overhangs were detected in the parental fibroblasts ( Fig. 4a) . T-circles were clearly visible with both strand-specific probes under denaturing conditions in hiPSCs but not in parental cells (Fig. 4a , red arrows), at levels comparable to those observed in hESCs ( Supplementary Fig. 4a ).
We then examined the presence of C-circles in hiPSCs, and found that the abundance of C-circles was similar to that detected in hESCs ( Fig. 4b) . Because we found hallmarks of ALT cells in hiP-SCs, and considering that telomere elongation has been observed in hiPSCs derived from telomerase-deficient cells [30] [31] [32] , we evaluated the contribution of telomere recombination mechanisms for telomere elongation in hiPSCs. We observed very low t-SCE a r t i c l e s frequencies in both the parental IMR90 cells and the hiPSCs, in contrast to the high frequency detected in U2OS cells ( Fig. 4c) . We did not detect APB in these cells ( Supplementary Fig. 4b) , demonstrating that reprogramming of differentiated cells generates 5′ C-rich overhangs and ECTRs without activation of homologous recombinationmediated telomere maintenance, supporting our findings in hESCs. We found that telomerase expression levels were comparable between hESCs and hiPSC lines, including hiPSC lines derived from HUVEC and keratinocytes 33, 34 (Supplementary Fig. 4c ). Moreover, TRF analysis showed that hiPSCs acquired a similar telomere length setting to that of hESCs ( Supplementary Fig. 4d ), suggesting that the reprogrammed cells activate telomere length homeostasis pathways.
To investigate the impact of telomerase activation and telomere elongation on the formation of ECTRs, we examined T-and C-circle formation in IMR90 cells expressing telomerase ( Supplementary  Fig. 5a ). Elongation of telomeres induced rapid accumulation of T-circles that continued as population doublings increased (PDs) (Supplementary Fig. 5b,c) . C-circles were detected only at later time points, when telomeres became very long (Supplementary Fig. 5d ). Elongation of telomeres had a stronger impact on C-circle formation in hESCs ( Fig. 3d ) than in IMR90 cells, suggesting that additional factors contribute to C-circle accumulation in hESCs.
C-circles accumulate after replicative stress in hESCs
Recent studies demonstrated the correlation between DNA replication stress and C-circle formation 29, 35 . To investigate the origin of C-circle accumulation in hESCs, we treated HUES6+hTR cells with different doses of the replication-stress-inducing drugs hydroxyurea (HU) and aphidicolin (Aph) for 24 h and quantified C-circle formation (Fig. 5a) . High doses of HU (3 mM) or Aph (5 µM) reduced DNA replication activity (Supplementary Fig. 6a ), and this reduction was followed by increased accumulation of C-circles ( Fig. 5a) . Accumulation of C-circles was also detected in control-transfected HUES6 (HUES6+vector) cells subjected to replication stress; however, the levels were lower than in HUES6+hTR cells, suggesting that longer telomeres are more prone to replication defects (data not shown).
To confirm that defective telomere replication triggers C-circle formation in hESCs, we treated cells with the G-quadruplex (G4) ligand RHPS4, previously reported to interfere with telomere replication 36 . Flow cytometry showed that S-phase progression was deficient after the treatment (Supplementary Fig. 6a ) and was followed by an increase of C-circle levels similar to that observed with DNA-replication inhibitors (Fig. 5a) , supporting the idea that replication defects are a major cause of C-circle accumulation in hESCs.
To gain insight into the molecular mechanisms underlying C-circle formation in hESCs, we examined the contribution of factors previously implicated in C-circle production: TRF1, the RECQ helicases BLM and WRN, Exo1, the helicase/nuclease DNA2 and SMARCAL1, a member of the SNF2 family of DNA-dependent ATPases 29, 35 . Cells depleted of TRF1, BLM, WRN or Exo1 via small interfering RNA (siRNA)-mediated knockdown showed similar numbers of C-circles as did control cells, whereas DNA2-and SMARCAL1-depleted cells accumulated significantly more C-circles ( Fig. 5b and Supplementary  Fig. 6b ). DNA2 has an essential role in preventing telomere replication defects by resolving G4 structures 37 and promoting degradation of reversed replication forks after fork stalling 38 . SMARCAL1 catalyzes fork regression and is required for successful replication through telomeric sequences 35 . Thus, we speculate that accumulation of G4 structures and aberrant processing of unresolved replication intermediates within telomeres upon DNA2 or SMARCAL1 depletion drives the accumulation of C-circles. As this effect is exacerbated in cells with long telomeres, we reasoned that long telomeric tracks could be more prone to replication stress. We tested whether hESCs with long telomeres showed fragile telomere phenotypes arising from telomeric DNA replicative defects 39 and observed higher frequencies of metaphase chromosomes with multitelomeric signals (MTS) in cells with overextended telomeres (Fig. 5c) , indicating increased replication defects.
To determine whether telomerase has a role during telomere replication, we subjected HUES6 and HUES6+hTR cells to short hairpin a r t i c l e s RNA (shRNA)-mediated silencing of hTERT (Supplementary Fig. 6c ) and assessed the frequency of MTS. The MTS levels in the resulting hTERT-deficient cells were comparable to that of control cells in both HUES6 and HUES6+hTR cells (Supplementary Fig. 6d) , indicating that the presence of over-elongated telomeres, rather than changes in telomerase expression, leads to telomere fragility. Likewise, HUES6+hTR cells showed significantly more telomere dysfunctioninduced foci (TIFs) than did control cells (Fig. 5d) , indicating that excessively long repetitive sequences compromise telomere stability. We observed that telomere elongation is followed by augmented loading of telomeric proteins (Supplementary Fig. 6e ), suggesting that the slight increase in TIFs is due to DNA replication defects rather than defective telomere capping. These data suggest that tight control of telomere length homeostasis is required to prevent telomere fragility and DNA damage at telomeres in hESCs, ensuring telomere integrity and maintenance of genome stability.
XRCC3 and Nbs1 regulate C-overhang and T-circle formation
We next investigated the molecular mechanisms underlying 5′ C-rich overhang formation and T-circles in hESCs. Human 5′ C-rich telomeric overhangs have been proposed to accumulate in the context of T-loop resolution events mediated by XRCC3 (ref. 40 ). To evaluate the contribution of XRCC3 in overhang formation in hESCs, we used siRNA to silence XRCC3 and performed native TRF analysis ( Fig. 6a  and Supplementary Fig. 7a) . The G-overhang signal was not significantly altered; however, we detected a 40% reduction in the levels of C-overhangs. These results support a highly conserved role for XRCC3 in C-overhang generation.
XRCC3 has been implicated in T-circle formation in different scenarios 26, 28, 41 . However, its activity did not have a significant effect on T-circle accumulation in hESCs (Supplementary Fig. 7b ), suggesting that XRCC3 is not sufficient to promote T-circle formation in those cells. We then focused on Nbs1, a member of the Mre11-Rad50-Nbs1 complex and potential candidate involved in T-circle formation 28, 41 .
shRNA-mediated knockdown of Nbs1 expression (to ~25-45% that of control cells, depending on the shRNA construct used) preserved stem-cell renewal capacity of hESCs ( Supplementary Fig. 7c,f) . Nbs1knockdown cells showed significant reduction of T-circles (Fig. 6b) , and we therefore suggest that Nbs1 is at least partially responsible for T-circle accumulation in hESCs.
It has been hypothesized that T-circles and C-overhangs could act as the precursors of C-circles 16, 42 . Given that our data demonstrated a direct role of XRCC3 and Nbs1 in C-overhang and T-circle formation, respectively, we evaluated the accumulation of C-circles in the absence of these factors, but we did not observe changes in C-circle abundance (Supplementary Fig. 7d,e) . Thus, we conclude that different pathways contribute to the generation of both types of ECTR in hESCs.
XRCC3 and Nbs1 regulate telomere length in hESCs
Our findings indicate that formation of 5′ C-rich overhangs and T-circle generation depends on XRCC3 and Nbs1. If these structures accumulate in hESCs as an outcome of processing events at the ends of the chromosome, depletion of XRCC3 and Nbs1 should lead to changes in telomere length. We evaluated telomere length 7 d after transduction of cells with siRNAs and/or shRNAs targeting XRCC3 and Nbs1, respectively (Supplementary Fig. 7f ). Whereas knockdown of XRCC3 or Nbs1 alone did not significantly modify the distribution of the telomeric signal, cells in which both XRCC3 and Nbs1 were knocked down showed telomere lengthening (Fig. 6c) , indicating defective telomere trimming. These data strongly suggest that XRCC3 and Nbs1 mediate regulation of telomere length through partially distinct parallel pathways and influence homeostasis of telomere length in hESCs.
In summary, our results demonstrate that telomere length regulation in hESCs is mediated by telomerase-dependent elongation and by XRCC3 and Nbs1, which counteract excessive telomere elongation. We hypothesize that the activation of telomere trimming events involves the resolution of the T-loop into a T-circle and C-rich 
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Relative telomere length a r t i c l e s telomeric ssDNA. We observe that telomere length homeostasis is crucial to prevent telomere instability in hESCs and establish that reprogramming of differentiated cells induces the accumulation of T-circle and C-rich telomeric ssDNA, indicating the activation of telomere trimming pathways and emphasizing the requirement of tight telomere length homeostasis for telomere stability in hESCs and hiPSCs.
DISCUSSION
We have discovered that hESCs tightly control telomere length by establishing a proper equilibrium between elongation and trimming. Telomere elongation is achieved by telomerase and counteracted by HR factors that promote the generation of C-rich telomeric ssDNA and ECTRs in the form of T-circles. Failure to maintain length homeostasis leads to telomere instability and accumulation of C-circles. Given that these features are also acquired by reprogramming of human somatic cells, we suggest that such characteristics represent reliable markers for pluripotency.
Telomere elongation in hESCs and hiPSCs
The contribution of telomerase-independent telomere maintenance pathways in stem cell populations remains controversial. Initial studies in telomerase-deficient mouse embryonic stem cells (mESCs) showed telomere length maintenance in long-term cultures of proliferative survivors 43 . High frequencies of t-SCEs were observed in telomerasedeficient mESCs 44 , and telomere recombination was proposed to compensate the loss of telomerase in mESCs 45 . In contrast, our data suggest that telomere elongation in hESCs is mediated exclusively by telomerase and that recombination-dependent pathways are not activated when telomerase activity is reduced. Consistently, a recent study found that telomerase-deficient hESCs showed progressive telomere shortening in continuous culture, concomitantly with reduced proliferation and increased cell death 46 . Likewise, although studies in iPSCs derived from telomerase-deficient mice suggest that ALT pathways contribute to telomere maintenance 30, 32 , ALT activity was not detected in telomerase-mutant hiPSCs 47 , consistent with our model. Analysis of hiPSCs derived from patients with telomere shortening disorders revealed that the severity of defects in telomere elongation correlated with the degree of telomerase deficiency [47] [48] [49] . We observed comparable telomerase expression and telomere lengths in hiPSCs derived from different sources of primary cells, and these results also resembled those in hESCs. However, variability in telomerase expression and telomere elongation among hiPSC clones has been reported, suggesting that hiPSCs are not homogeneous clonal populations and that culture conditions affect telomerase expression and function 47 . We propose that telomerase activity regulates telomere length and that trimming mechanisms directly contribute to the proper telomere length set point. We suggest that future studies of the components that dictate telomere length homeostasis will facilitate the development of stem cell-based therapies for telomere biology disorders.
XRCC3 and Nbs1 regulate telomere length in hESCs
The accumulation of ECTRs in the form of T-circles after excessive telomere elongation indicated the activation of telomere trimming events in hESCs. Telomere trimming involves the conversion of a T-loop into a T-circle and a 5′ C-rich telomeric ssDNA intermediate 26 .
The observed maintenance of the ratio between G-and C-rich telomeric ssDNA after telomere elongation suggests that telomere deletion events are followed by nuclease degradation that compensates for the excess of 5′ C-rich telomeric ssDNA, indicating the presence of tightly controlled regulation of the balance between overhangs. Given that previous in vitro studies demonstrated that G-and C-rich overhangs are equally efficient for the invasion of the duplex telomeric DNA 50 , it would be interesting to investigate whether they are both implicated in the formation of a protective structure at telomeres in hESCs and hiPSCs. Resolution of the T-loop as a Holliday junction by HR is mediated by Nbs1 and XRCC3 (ref. 28 ). Nbs1 also regulates telomere length in ALT cells through recombination-mediated telomere elongation 51 . However, only XRCC3 was reported to contribute to telomere trimming pathways in telomerase-positive cancer cells 26 . Our results are consistent with synergistic roles for XRCC3 and Nbs1 in hESCs as major regulators of telomere length by trimming mechanisms based on T-loop resolution. Therefore, when telomeres are elongated beyond a threshold, XRCC3 mediates C-rich telomeric ssDNA processing and Nbs1 promotes the resolution of T-circles ( Fig. 7a,b) . We cannot exclude the possibility that both XRCC3 and Nbs1 contribute to the formation of C-rich telomeric ssDNA and T-circles. Complete deletion of these factors may be necessary to address this question; however, loss of HR factors leads to embryonic lethality, reduced growth rate and increased cell death 52, 53 , hindering the analysis.
The presence of trimming pathways in hESCs suggests that excessive telomere elongation could compromise genome integrity. Telomeres are known to be fragile sites prone to accumulate stalled replication forks 39 and secondary structures, including G-quadruplexes, challenging a r t i c l e s DNA replication 54 . Furthermore, telomere replication stress could promote genome instability and cancer 55 . Our data indicate that hESCs with long telomeres show increased telomeric DNA damage, probably owing to augmented telomere replication stress. Given that the number of dysfunctional telomeres in cancer cells does not increase after excessive telomere elongation 25 , these results suggest that hESCs harbor more stringent mechanisms to sense inappropriate telomere replication, as the maintenance of telomere stability is of critical importance for tissue homeostasis and to prevent cancer development. We also propose that tight regulation of telomere trimming mechanisms exists in hESCs to prevent excessive telomere attrition, which could compromise their pluripotent potential and contribute to age-related deterioration in stem cell function 20 .
Replication stress causes C-circle accumulation in hESCs
A high frequency of t-SCEs and the presence of C-circles were considered the best indicators for ALT 13, 19 . Nevertheless, a recent study demonstrated the induction of C-circles in telomerase-positive cancer cells upon depletion of SMARCAL1, which led to telomere replication stress. No other ALT-related phenotypes were induced 35 . The first observation of C-circle accumulation in response to perturbations in DNA replication was reported in telomerase-positive cancer cells, as a result of defective chromatin assembly after depletion of the histone chaperone ASF1. ALT was activated and C-circle levels reached the amount detected in ALT cells 29 . Therefore, it is conceivable that C-circle levels beyond some threshold may be indicative of ALT. Our data also support this hypothesis, as the amount of C-circles detected in hESCs was not as high as that in U2OS cells, consistent with the lack of ALT activity in hESCs. Elongation of telomeres caused a dramatic increase in C-circle abundance; likewise, the aforementioned phenotypes were observed in cells with very long telomeres 29, 35 . We propose that telomere length determines the formation of these telomeric DNA structures and that replication stress, which is exacerbated in the presence of long telomeres, triggers their accumulation ( Fig. 7c) . Consistently, we show an increase of C-circles after DNA replication stress in hESCs, suggesting that severe abrogation of DNA replication activity boosts C-circle formation. Remarkably, C-circle metabolism might differ between cell types, as treatment with DNA replication inhibitors has a different effect in cancer cells 29 . Supporting our data, we show that depletion of DNA2 and SMARCAL1 led to elevated C-circle accumulation consistent with their active role in S-phase progression, probably by facilitating repair and restart of stalled replication forks 38, 56 . While the molecular mechanism governing C-circle formation remains elusive, we suggest that very long telomeres trigger C-circle accumulation. The increased telomere instability in this scenario would result in C-circle generation as a by-product of resolution of telomeric DNA replication intermediates. Excessive experimental telomere elongation in primary fibroblasts also induced C-circle accumulation, albeit to a much lesser extent than in to hESCs with long telomeres. We did not detect changes in the levels of single-stranded C-rich linear telomeric DNA after replication stress, demonstrating that resolution of replication intermediates specifically enriches for C-rich telomeric DNA in circular conformation. We suggest that hESCs are more prone to replication stress than differentiated cells, which is consistent with the finding that replication intermediates are frequently observed in ESCs but lost after differentiation 57 .
Our study establishes that very tight control of telomere length homeostasis, regulated by telomerase-dependent elongation and telomere trimming events, is required to ensure telomere stability in hESCs. This balance is also established in hiPSCs, providing insight into the characterization of faithfully reprogrammed cells, which represent an attractive tool in regenerative medicine owing to their therapeutic potential.
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